Several unanswered questions in T cell immunobiology relating to intracellular processing or in vivo antigen presentation could be approached if convenient, specific, and sensitive reagents were available for detecting the peptide-major histocompatibility complex (MHC) class I or class II ligands recognized by ␣␤ T cell receptors. For this reason, we have developed a method using homogeneously loaded peptide-MHC class II complexes to generate and select specific mAb reactive with these structures using hen egg lysozyme (HEL) and I-A k as a model system. mAbs specific for either HEL-(46-61)-A k or HEL-(116-129)-A k have been isolated. They cross-react with a small subset of I-A k molecules loaded with self peptides but can nonetheless be used for f low cytometry, immunoprecipitation, Western blotting, and intracellular immunof luorescence to detect specific HEL peptide-MHC class II complexes formed by either peptide exposure or natural processing of native HEL. An example of the utility of these reagents is provided herein by using one of the anti-HEL-(46-61)-A k specific mAbs to visualize intracellular compartments where I-A k is loaded with HEL-derived peptides early after antigen administration. Other uses, especially for in vivo tracking of specific ligand-bearing antigen-presenting cells, are discussed.
The majority of ␣␤ receptor-bearing T cells recognizes antigen as peptide-major histocompatibility complex (MHC) class I or class II complexes displayed on the surface of antigenpresenting cells (APCs), and the biochemistry of peptide-MHC molecule interaction, the cell biology of peptide generation from intact protein antigen, and the site(s) of intracellular association of these peptides with MHC molecules have been explored in great detail (for review, see refs. 1 and 2). Despite this progress in understanding antigen processing and presentation, it is still not known exactly where MHC class II molecules are loaded with particular peptides or whether all APCs process antigen in the same way or with the same efficiency. Past studies have necessarily relied on cells that can be obtained in large numbers for biochemical analysis. Rare APCs, such as dendritic cells, could have specialized antigenprocessing mechanisms not easily amenable to study by current techniques, and for many antigens and most cells, a kinetic and spatial analysis of the formation of class II complexes involving specific peptide has not been possible.
In vivo antigen presentation is also incompletely understood. It is not clear which cells capture antigen and present it in immunogenic or tolerizing form to T cells after antigen introduction by various routes. Likewise, we are only beginning to understand the dynamics of antigen-specific immune cell interactions (3) . This includes such issues as where the earliest stages of antigen presentation and T cell activation occur, where T and B cells collaborate, and where CD4 ϩ T cells interact with CD8 ϩ T cells in help-dependent cytotoxic responses.
A major limitation in studying these issues is the lack of reagents able to identify and quantitate T cell receptor (TCR) ligands on individual cells, to detect such complexes within intact cells, or to characterize cells bearing these ligands by methods such as flow cytometry or immunohistochemistry. Nearly all assays for T cell ligands have necessarily been indirect and have relied on measuring the ability of putative ligands to activate lymphocytes of the relevant specificity. It would be much more desirable to use soluble probes for these antigenic structures. Two major approaches are available for this purpose. The first is the development of soluble versions of TCRs. Unfortunately, the affinities of all TCRs purified to date are in the range of 10 Ϫ3 to 10 Ϫ7 M (4), too low to stay bound to their target under the desired assay conditions. Multimerization can decrease off-rate, however, permitting TCR oligomers to serve as probes for MHC-bound antigens (5) . An alternative strategy is to use antibodies. Several mAbs to MHC class II molecules associated with peptides derived from endogenous proteins have been reported (6) (7) (8) (9) (10) (11) . These mAbs have proven very useful, but the inability to conveniently employ the source protein as an exogenous antigen or the substantial reactivity of these mAb with cells not exposed to the nominal antigen has not permitted them to be used effectively for the types of studies mentioned above.
We report herein that immunization with APCs expressing I-A k homogeneously loaded with a single peptide derived from hen egg lysozyme (HEL) allowed the generation of mAbs recognizing either of two distinct processed HEL determinants in the context of I-A k . We characterize these antibodies in detail, demonstrate reactivity with a small subpopulation of self peptide-MHC class II complexes, and show that, despite this low background reactivity, they can be used for flow cytometric analysis of APCs bearing processed HEL protein, biochemical detection of peptide-MHC class II complexes formed by natural processing of native HEL, and immunofluorescent staining of intracellular compartments of MHC class II loading in individual APCs.
were synthesized by the Peptide Synthesis Facility of the National Institute of Allergy and Infectious Diseases, National Institutes of Health. Variants of HEL-(52-61) with alanine substitutions at positions 53, 56, and 57 were a gift from E. R. Unanue (Washington University, St. Louis, MO). HEL protein was purchased from Sigma.
Constructs. I-A k ␣-chain and I-A k ␤-chain chimeras. DNA sequences coding for the extracellular domains of A k ␣ and ␤ chains (␣ 1 and ␣ 2 and ␤ 1 and ␤ 2 ) were made by PCR using oligonucleotides containing XhoI and BglII restriction sites. Primer sequences were as follows: forward primer for ␣ chain, 5Ј-GTCAGAGCTACTCGAGCAGAGACCAGGATGCCG-TG-3Ј; backward primer for ␣ chain, 5Ј-CTGTGACCAGAT-CTCCCTCAGGTTCCCAGTGTTTC-3Ј; forward primer for ␤ chain, 5Ј-GTCAGAGCTACTCGAGTGTGCCTTAGAG-ATGGCTC-3Ј; backward primer for ␤ chain, 5Ј-CTGTGAC-CAGATCTCCGGACTGTGCCCGCCACTC-3Ј. PCR products were digested with XhoI and BglII and subcloned into pCDL-SR-2B4-[encoding the 2B4 TCR fused to TCR-(12)] digested with the same enzymes. As a result, the A k DNA fragments replaced the regions coding for the 2B4 TCR extracellular domains, allowing A k ␣ and A k ␤ to be expressed as chimeric molecules with the chain transmembrane and cytoplasmic regions (Fig. 1A) .
Peptide-linked A k ␤ chain (13) and peptide-linked A k ␤-chain chimeras. HEL-(46-61)-A k ␤-chain and HEL-(46-61)-A k ␤ constructs were produced first. These constructs then served as cloning vectors for making constructs with other peptides. A DNA fragment coding for a peptide containing residues 46-61 and a linker region was inserted between codons 4 and 5 of the ␤1 domain with SfiI sites flanking the peptide coding region, as described (14) . For making A k ␤ chain constructs containing other peptides, double-stranded DNA coding for the desired peptides was made by PCR and spliced into the HEL-(46-61)-A k ␤-chain or HEL-(46-61)-A k ␤ chain constructs by using SfiI sites.
Transfections. These chimeric constructs were electroporated into RBL cells to produce stable transfectants, as described (14) . G418-resistant cells were analyzed by flow cytometry 7-10 days after transfection by using a pan-A kspecific mAb, 10-2.16 (15) . Positive populations were cloned by limiting dilution and clones were checked for the ability to activate HEL-specific hybridomas.
Immunization with Transfectants Expressing Single Peptide-MHC Class II Complexes and mAb Production. The RBL HEL peptide-A k -transfectants were used to immunize male Wistar white rats (Harlan Breeders, Indianapolis, IN). Twenty million cells in 1 ml of PBS were injected i.p. into each rat four times at 10-day intervals. Three days after the last injection, the spleens were harvested and the cells were fused with mouse myeloma Sp2͞0 cells (16) . The supernatants from growing hybridomas were screened using the RBL transfectants as described below. Hybridoma Screening by Cell-Based ELISA. RBL stable transfectants expressing the various I-A k constructs were added to 96-well tissue culture plates at 2 ϫ 10 5 cells per well in complete medium, allowed to grow overnight at 37°C, and then were fixed with 0.5% paraformaldehyde in PBS for 15 min at room temperature. After washing with PBS, the plates were blocked with 2% BSA in PBS for 2 h at 37°C and the hybridoma supernatants added at 50 l per well. After a 1-h incubation at 37°C, the plates were washed with PBS and incubated for 60 min at 37°C with horseradish peroxidase-conjugated goat anti-rat antibody (Jackson Immunoresearch). After washing, antibody binding was detected with 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (Sigma) in citrate buffer at pH 4.5. Plates were read at 405 nm and wells with optical density values substantially higher than the those of control wells were scored as positive.
Flow Cytometry. Cells were stained with mouse (10-2.16; IgG2b; American Type Culture Collection TIB-93) or rat (see below) antibodies against A k , essentially as described (17) . Samples were analyzed by using a FACScan cytometer and CELLQUEST software (Becton Dickinson) and propidium iodide to exclude dead cells.
Western Blotting. CBA͞J spleen cells were cultured in medium with 100 M HEL protein or HEL peptides, overnight at 37°C. The cells were then washed with PBS three times, lysed in 1% Nonidet P-40͞Tris⅐HCl lysis buffer at pH 8.0, and the lysate (5 ϫ 10 6 cell equivalents per lane) was separated by SDS͞PAGE on a 12% gel. Separated proteins were transferred onto nitrocellulose membranes, which were blocked with 5% BSA in PBS for 2 h at 37°C. After washing in PBS͞0.1% Tween, B6GE1, C4H3, and D8H21 supernatants were added directly to membrane strips and incubated for 1 h at 37°C. After washing, the strips were incubated for another hour with a secondary goat anti-rat IgG antibody conjugated to horseradish peroxidase. Horseradish peroxidase was detected using chemiluminescence (ECL substrate; ICN). Intracellular Staining. RBL expressing I-A k and invariant chain after gene transfer (14) were grown on poly-(L-lysine)-pretreated 13-mm diameter coverslips in 24-well plates. For antigen pulse-labeling, HEL or BSA was added to the culture medium to a final concentration of 3 mg͞ml, and the cells were cultured for 6 h, washed, fixed with 0.5% paraformaldehyde in PBS for 20 min at room temperature, washed again, and permeabilized with 0.2% saponin in PBS for 30 min. Fixed cell monolayers were blocked with 2% BSA in PBS at 37°C for 1 h. Individual coverslips were stained with C4H3 supernatant or isotype-matched irrelevant antibodies, followed by biotinconjugated mouse IgG2b anti-rat IgG2b (PharMingen) or biotin-conjugated goat anti-mouse IgG2b (Caltag, South San Francisco, CA), respectively. The biotin conjugates were revealed by using Cy3-avidin (Sigma). The cells were double stained with a mouse mAb against rat LAMP-1 (Ly1C6; IgG1; a gift from I. Mellman, Yale University, New Haven, CT) or a mouse mAb against rat trasferrin receptor (OX-26; IgG2a; PharMingen), followed by fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG1 or anti-mouse IgG2a (Caltag). Coverslips bearing the stained cells were mounted, and slides were viewed and photographed with a confocal fluorescence microscope equipped with an argon laser and dual detectors (CSLM, Molecular Dynamics).
RESULTS

Generation of mAbs to HEL Peptides Bound to I-A
k . We reasoned that antibodies that specifically recognize antigen in its processed MHC-bound form might be best generated if one immunizes animals with MHC molecules homogeneously loaded with a single peptide. To obtain A k molecules uniformly occupied with individual HEL peptides, we made constructs encoding A k ␤ molecules with amino-terminal extensions corresponding to the desired sequence (13) . We also replaced the transmembrane and the cytoplasmic regions of both the ␣ and ␤ chains of A k with those of the mouse TCR chain because immunization with RBL cells expressing chimeric molecules of poorly immunogenic proteins fused to TCR has been reported to elicit strong antibody responses to those proteins (18) . As shown in Fig. 1 A, Fig. 1B) . Importantly, rat serum from animals immunized with RBL transfected with HEL- (116-129) (Fig. 2 A) . C4H3 behaves much like B6GE1 but appears to cross-react slightly with A k -HEL-(116-129) ( Fig. 2 A) ; however, this cross-staining is only a few percent of that seen with the cognate mAb-ligand pair. This staining is not the result of recognition of the linker peptide because C4H3 does not stain cells expressing A k -HEL-(34-45) (Fig. 2 A) . It appears to reflect low-affinity cross-recognition of the A HEL antigen (Fig. 2 A, compare solid and dotted lines) . This staining cannot be attributed to peptide-independent lowaffinity binding to the A k molecule itself because it is not seen with RBL transfected with the control construct A k -HEL-(34-45) or, for B6GE1, with A k -HEL-(116-129), despite the fact that both those transfectants express more A k molecules (as measured by 10-2.16 staining) than the transfectant expressing wild-type I-A k (Fig. 2 A) . Similarly, each mAb also stains to some extent a subpopulation of HEL-unexposed spleen cells corresponding to B lymphocytes (Fig. 2B, dotted  lines) . This staining requires expression of I-A k (Fig. 3A) . Finally, the antibody bound to HEL-unexposed cells does not wash off at a substantially faster rate than it does from cells bearing authentic A k -HEL-(46 -61) complexes (data not shown), indicating that the staining is not likely to reflect low-affinity binding to most I-A k molecules from which much of the mAb has eluted during sample processing. Thus, these data suggest that these mAbs cross-react with I-A k occupied with a specific minor subset of naturally processed peptides derived either from serum proteins or proteins synthesized by the RBL cells and͞or mouse splenic B cells.
These data with transfected RBL cells and normal spleen cells show that the mAbs are not uniquely reactive with the covalently bound constructs used in their elicitation. To address their specificity for HEL peptides or processed HEL associated noncovalently with A k , H-2 k spleen cells were incubated with these antigens and stained with the various mAbs. B cell staining with B6GE1 or C4H3 is much brighter for cells incubated with HEL-(46-61) peptide as compared with cells exposed to HEL-(116-129) peptide, and the converse is true for staining with D8H21 (Fig. 2B, solid lines) . More importantly, all three mAbs specifically stain spleen cells incubated with intact HEL, demonstrating that they recognize naturally processed antigen (Fig. 2B) . Staining of HELincubated spleen cells with the HEL-(46-61)-specific mAbs is always higher than that of peptide-exposed cells, whereas the same is not true of staining by D8H21 (Fig. 2B) . This difference presumably relates to the relative efficiencies of the distinct pathways involved in processing these two HEL determinants (20) . Thus, despite the low-level degeneracy seen with the highly expressed covalent HEL peptide constructs or the binding to what seems to be a small number of naturally generated peptide-A (Fig. 3B) . Binding to the HEL-(52-61) core epitope by B6GE1 is largely abrogated or substantially diminished by alanine substitutions at positions 53, 56, and 57, the three primary T cell epitopic residues in HEL-(46-61)-A k (22) . Binding by C4H3 is less sensitive to these mutations (Fig.  3B) . These data indicate that B6GE1 and, to a lesser extent, C4H3 have fine specificities similar to those of many T cells recognizing HEL-(46-61)-A k .
Biochemical Identification of Processed Antigen-MHC Class II Complexes with Peptide-A
k -Specific mAbs. We next evaluated the potential unique applications of these mAbs to the study of antigen processing. Lysates from CBA spleen cells pulsed with either native HEL or HEL peptides were separated by SDS͞PAGE without sample boiling and Western blotted onto nitrocellulose. The membrane-immobilized antigens were then probed with various antibodies. A rabbit antiserum specific for the cytoplasmic tail of A k ␣ (23) binds to compact SDS-stable dimers, corresponding to a subset of peptide-loaded A k molecules (1), and to free ␣ chain, regardless of antigen pulsing (Fig. 4) . mAbs C4H3 and B6GE1 recognize compact dimer bands in lysates from HEL-(46-61)-pulsed cells but not in lysates from cells pulsed with HEL-(116-129), but D8H21 only binds to the compact dimer band in lysates from the latter (Fig. 4) . More importantly, both C4H3 and B6GE1 also bind to compact dimers formed after processing of native HEL and C4H3 can also immunoprecipitate compact dimers from lysates of HEL-pulsed spleen cells (Fig. 4 and data not shown) . The failure of D8H21 to detect compact dimers in native HEL-pulse-labeled samples by Western blot (Fig. 4) or by immunoprecipitation (data not shown) may be due to the less-efficient formation of complexes involving this subdominant determinant (19, 20) , consistent with flow cytometric analysis (see Fig. 2B ), or to the formation of complexes containing the naturally processed determinant that do not resist SDS denaturation (24) . None of the mAbs recognize free ␣ or ␤ chain, as expected from their specificity (Fig. 4 ). These results demonstrate that both mAbs against A k :HEL-(46-61) can be used to analyze biochemically the loading of class II molecules with a single epitope derived from natural processing of an exogenous model antigen.
Identification of Intracellular Compartments in Which Processed HEL-A k Complexes Form. Although bulk biochemical analysis in conjunction with organelle fractionation has proven very powerful in elucidating the steps involved in MHC class II antigen loading (25) (26) (27) (28) (29) , published studies examining these events at the single cell level after acute antigen exposure are lacking. To view directly the site(s) of formation of HEL peptide-A k complexes, we used C4H3 for intracellular immunofluorescent staining of A k -expressing RBL cells that had been incubated with native HEL (Fig. 5) . C4H3 stains cells pulsed with BSA very weakly if at all (Fig. 5 Upper Left) but gives bright staining of HEL-pulsed cells in a vesicular pattern that colocalizes primarily with endosomal organelles containing large amounts of the lysosomal marker LAMP-1 ( Fig. 5 Upper Right). This result is in accord with prior studies showing the major site of HEL-(46-61) generation and A k binding to be in late endocytic͞lysosomal organelles (30, 31) . Such colocalization is not seen when the cells incubated with HEL are double-stained with antibodies to the transferrin receptor (to identify early endosomes) and with C4H3 ( Fig. 5 Lower Right). These results indicate that C4H3 can be used to detect A k molecules recently loaded with HEL peptides in the endocytic compartments of single cells and to distinguish which subset of endocytic vesicles contains these complexes.
DISCUSSION
The conventional way to detect specific MHC-peptide complexes relies on the activation of T cells bearing relevant TCRs. However, such functional assays cannot be used to detect the intracellular formation and trafficking of peptide-MHC complexes in intact APCs, to identify TCR-ligand-bearing APCs in tissue sections, to phenotype these APCs in cell suspensions, to determine the number of cells in a given population that bear specific peptide-MHC molecule complexes on their surface, or to quantitate the surface level of specific peptide-MHC molecule complexes on these cells. mAbs that specifically recognize peptide-MHC complexes provide a means to overcome these limitations.
Antibodies that specifically recognize antigen-MHC class II complexes have been reported. These include mAbs against a mouse I-E␣ peptide-I-A b complex (Y-Ae) (6, 8) , against myelin basic protein peptide-class II complexes of rat and human (7, 11) , and against invariant chain CLIP-MHC class II (9, 10) . Some of these antibodies have proven very useful for studying antigen processing and presentation (9, 28, 32) but suffer from several limitations for tracking antigen-bearing cells in vivo or for studying intracellular compartments for antigen processing in single cells. The mAb to myelin basic protein-class II complexes have significant background reactivity with endogenous peptide-MHC combinations. In some strains of mice, the E␣, and in all nonmutant mice, the CLIP peptides are from a self protein that is coexpressed in MHC class II ϩ cells in vivo, rather than from foreign proteins that can be administered acutely by various routes. This makes it difficult to use these reagents to study the kinetics of appearance of ligand-bearing APCs in vivo in normal animals. They are also of limited use for determining either the initial site(s) of formation or subsequent trafficking of peptide-loaded MHC class II molecules in intact cells, although the Y-Ae reagent has proved valuable through immunofluorescence and immunoelectron microscopy studies in addressing the steadystate intracellular distribution of specific complexes (32) .
In contrast, we have generated mAbs against MHC class II molecules bound to peptides derived from a model soluble foreign antigen that can be administered to mice in vivo or to APCs in vitro in a route-, dose-, and time-controlled manner. HEL has been extensively characterized as a model antigen (33) . In addition, several other reagents exist for studying HEL processing and presentation that make it a powerful system for studying lymphocyte biology. These reagents include mutants of HEL, natural species variants, and transgenic mice that have a monoclonal repertoire of anti-HEL T cells or B cells (34, 35) . All these advantages should make the mAb described herein important tools for studying antigen presentation at the cell biological and organismal levels. These same considerations prompted an independent group to generate a similar mAb to A k -HEL-(48-62) using a somewhat different immunization approach (36) . These investigators have shown the value of this reagent for biochemical measurement of the efficiency of class II loading during active processing of a protein antigen (36) .
Interestingly, in addition to staining specific HEL peptide-A k complexes, C4H3 and B6GE1 were found to also weakly stain cells expressing I-A k in an HEL-independent manner. This background staining is unlikely to be due to low-affinity binding to A k alone because the two mAbs do not stain RBL cells transfected with A k -HEL-(34-45) (Fig. 2 A) but do react with cells expressing I-A k bound to a variety of naturally processed self peptides (Fig. 2 and data not shown) . This suggests that both mAbs have a substantial affinity for I-A k molecules loaded with a small subset of self peptides, among which may be the homologous regions of mouse and rat lysozymes (unpublished observations). However, it is important to note that the HEL-dependent increase in mAb binding that we report herein using a variety of techniques cannot be attributed to changes in the levels of any such self peptides. In all experiments, control cells were treated in the same way as those exposed to HEL, to account for manipulation-induced changes in APC activation that might alter this self-peptide background. FIG. 5 . Visualization of compartments involved in intracellular association of the HEL-(46-61) determinant with A k . RBL stably transfected with wild-type I-A k and invariant chain were incubated for 6 h in medium containing BSA or HEL at 3 mg͞ml, as indicated. Cells were washed, fixed, permeabilized, and stained with the indicated mAbs. C4H3 binding was revealed with FITC (green); LAMP-1 or transferrin receptor was revealed with Cy3 (red). Images were acquired with a ϫ63 objective lens. Excitation was at 468-514 nm and emission was collected at 540 Ϯ 15 nm for FITC and 580 Ϯ 15 nm for Cy3.
Low but significant staining of cells not exposed to the cognate foreign antigen source, as seen herein with mAbs specific for HEL peptide-MHC class II combinations, has also been observed with antibodies directed against other peptide-MHC class II and also peptide-MHC class I complexes (7, 11, 37, 38) , including the mAb to A k -HEL-(48-62) described by Dadaglio et al. (36) . It is thus interesting to speculate that most mAbs specific for a given foreign peptide-MHC complex and possessing an experimentally useful affinity will be likely to cross-react with complexes of the same MHC loaded with at least one self peptide. This phenomenon sets a lower limit of sensitivity for the use of these reagents. Nevertheless, the absolute level of the background staining with our reagents can be estimated to be 100 to a few hundred complexes per cell (unpublished observations), thus permitting detection of cells bearing physiologically relevant levels of complexes (a few hundred or greater). Furthermore, in several types of assays, binding to self peptide-A k complexes is very low or undetectable, such as in Western blots (Fig. 4) and microscope-based immunofluorescence (Fig. 5) , due either to a distinct affinity requirement for detection or a lower sensitivity as compared with flow cytometry.
An area in which these reagents clearly have an advantage over current techniques is the study of antigen-loading compartments in individual APCs and the identification of APCs in vivo that bear ligands recognizable by particular T cells. By immunofluorescence, we were able to stain intracellular compartments with C4H3 in HEL-pulsed cells but not in cells pulsed with a control protein (Fig. 5) . The ability to visualize antigen loading compartments in a system where the addition of antigen can be carefully controlled in amount, form, and time of exposure should be enormously powerful for studying antigen processing in different APC populations.
Finally, these mAbs are proving extremely valuable for the in vivo analysis of cell interactions underlying adaptive immune responses. Using immunohistochemistry and flow cytometry, we have been able to both identify and localize within lymphoid tissues cells that process and present HEL after in vivo antigen administration (17) . This latter application promises to greatly facilitate our understanding of how T cell immune responses are initiated and the identity of the critical presenting cells after various routes͞modes of antigen administration.
